Background: A sensor-augmented insulin pump (SAP) using the MiniMed Ò 640G system with SmartGuardÔ technology allows an automatic stop of insulin delivery based on prediction of low glucose levels. Since pediatric patients are particularly prone to hypoglycemia, this device may offer additional protection beyond conventional sensor-augmented therapy. Methods: This prospective, pediatric multicenter user evaluation assessed 6 weeks of SAP with SmartGuard (threshold setting for hypoglycemia: 70 mg/dL) compared to a preceding period of 2 weeks with SAP only. The primary outcome was the potential reduction in the frequency of hypoglycemic episodes and hypoglycemic intensity (area under the curve [AUC] and time <70 mg/dL). Results: The study included 24 patients with at least 3 months of insulin pump use (average age: 11.6 -5.1 years, 15 female, average type 1 diabetes duration: 7.5 -4.2 years, mean -SD) who had on average 3.2 -1.0 predictive suspensions/patient/day. The mean sensor glucose minimum during suspension was 78 -6 mg/dL and the average suspension time was 155 -47 min/day. Use of SmartGuard in patients treated as per the protocol (n = 18) reduced the number of instances in which the glucose level was <70 mg/dL (1.02 -0.52 to 0.72 -0.36; P = 0.027), as well as AUC <70 mg/dL (0.76 -0.73 to 0.38 -0.24; P = 0.027) and the time/day the level fell below 70 mg/dL (73 -56 to 31 -22 min). The reduction of hypoglycemia was not associated with a significant change in mean glucose concentration (171 -26 to 180 -19 mg/dL, P = 0.111) and HbA1c (7.5% -0.5% to 7.6% -0.7%, (P = 0.329). Manual resumption of insulin delivery followed by carbohydrate intake resulted in significantly higher glucose levels 1 h after suspension compared to SmartGuard suspensions with automatic resume (190.8 -26.5 vs. 138.7 -10.3 mg/dL; P < 0.001). Conclusions: SmartGuard technology significantly reduced the risk for hypoglycemia in pediatric type 1 diabetes patients without increasing HbA1c. Patients must be educated that when using combining predictive low-glucose insulin suspension technology, extra carbohydrate intake in response to an alarm combined with manual resumption is likely to cause rebound hyperglycemia. The best results were achieved when the user did not interfere with pump operation.
Introduction H ypoglycemia is a significant challenge for patients on insulin therapy, particularly if low glucose levels occur at times when patients cannot respond quickly and/or appropriately. In the Diabetes Control and Complications trial (DCCT), 55% of severe hypoglycemia events during the night, 1 and in children, the rates of severe hypoglycemia during sleep were ‡75%. 2 There is an inverse proportional relationship between severe hypoglycemic events and age, in that, the younger the child, the higher the hypoglycemic risk. 3 In its most extreme form, severe hypoglycemia can be life-threatening. As such, hypoglycemia is considered to be a cause for ''dead in bed syndrome,'' in which diabetes patients are found dead in the morning after they had been well the day before. [4] [5] [6] [7] [8] Undoubtedly, hypoglycemia represents a burden for the well-being of type 1 diabetes patients and many of these patients suffer from hypoglycemia anxiety. Together with the metabolic effects caused by hormonal counter-regulatory reactions in response to hypoglycemic events, all of these factors contribute to hypoglycemia having a negative impact on glycemic control. 9, 10 Thus, there is a need for a technical solution that can assist with daily therapeutic adjustments of insulin levels. Such adjustments are made possible by combining an insulin pump with a continuous glucose monitoring (CGM) system, which is the basic hardware configuration of a closed loop system. Using the ParadigmVEOÔ System, severe hypoglycemia can be avoided in most cases, and the intensity of even mild hypoglycemic events can be reduced (duration and area under the curve (AUC) in hypoglycemia) in both adult and pediatric patients. [11] [12] [13] [14] Since predictive low alarms are available in with the Medtronic VEO System, a complete avoidance of hypoglycemic events should be possible. However, avoidance of such events is not guaranteed under all everyday circumstances, as sensor values <55 mg/dL (3.1 mmol/L) can be observed on average for 24 min/day during routine sensor use. 15 In reality, the protective function of these devices is underutilized in everyday life due to various factors such as alarm fatigue or lack of patient education.
The effectiveness of insulin pumps in preventing hypoglycemia depends on the set threshold. A low threshold setting (e.g., 60 mg/dL [3.3 mmol/L]) does not allow for complete avoidance of mild hypoglycemia, but higher thresholds (e.g., 80 mg/dL [4.2 mmol/L]) can. However, higher thresholds can lead to more suspensions, which are each accompanied by an alarm, making alarm fatigue a real possibility. Therefore, avoidance of hypoglycemic conditions through predictive intervention may further reduce hypoglycemia events. This predictive approach has been shown to be superior in in silico modeling studies and exploratory clinical tests that showed reductions in the amount of time that glucose levels were below 70 mg/dL (3.9 mmol/L), even during prolonged exercise. 16, 17 The predictive low-glucose suspension algorithm became commercially available as SmartGuard technology and was implemented as a treatment option available with the MiniMed40G insulin pump (Medtronic).
In this study, we tested the SmartGuard algorithm in a pediatric population, which is known to be particularly prone to hypoglycemia. We examined whether the rate and intensity of hypoglycemia can be lowered using SmartGuard technology, and how insulin delivery suspension affected glycemic control in young type 1 diabetes patients during everyday life.
Patients and Methods
This was an outpatient, nonrandomized, prospective multicenter observational trial conducted over 2 months at several pediatric hospitals (AUF DER BULT, Hospital for Children and Adolescents, Klinikum Stuttgart, Olgahospital, Children's Department, University Mainz, Center for Children's and Adolescent's medicine). The primary endpoint was the assessment of mean AUC/day in the hypoglycemic area <70 mg/dL (3.9 mmol/L) during sensor-augmented insulin pump (SAP) use with or without SmartGuard technology. The secondary outcome parameters were time spent in hypoglycemia/day (values <70 mg/dL [3.9 mg/dL] and £40 mg/dL [2.2 mg/dL]). In addition, we examined the effectiveness of the SmartGuard technology with respect to the number of SmartGuard activations per day, the average time of insulin suspension, the lowest glucose levels, and glucose values upon suspension and after resuming insulin delivery.
The study included 24 patients who fulfilled the inclusion criteria of having type 1 diabetes for at least 1 year, were between the ages of 1 to 21 years, and had been using insulin pump therapy (CSII) for at least 3 months.
Exclusion criteria were a known intolerance to a glucose sensor or single sensor components, pregnancy, severe psychic/ psychiatric problems (e.g., eating disorders anorexia, bulimia), drug or alcohol abuse, or inadequate trust in the use of technical parts of the system. After having met all inclusion criteria, the patients and parents were trained in the use of the novel MiniMed 640G System, which has been available on the European market since 2015.
This prospective study included three consecutive phases: (1) a 4-week prephase for patients to become familiar with the new device (CSII only, no CGM) that served as a MiniMed 640G training and dose optimization period; (2) a 2-week Phase 1 period using sensor-augmented pump therapy (SAP: CSII and CGM) without activating either the SmartGuard insulin suspension or the low-glucose suspend (LGS) features. During Phase 1, the alert level for hypoglycemia was set to 70 mg/dL (3.9 mmol/L); and (3) a 6-week Phase 2 period during which patients used SAP therapy with SmartGuard technology (SAP+ SmartGuard). During Phase 2, the threshold for ''suspend before low'' was set to 70 mg/dL (3.9 mmol/L) and the ''alert before low'' alarm was silenced. The hypoglycemia alert was set to 70 mg/dL (3.9 mmol/L) such that the patient received an alert when the set threshold was crossed, even though insulin delivery had already been suspended.
Before starting this phase, the participants and families received special education in the use of SmartGuard technology. Two weeks after starting Phase I, study patients received a telephone call to address potential queries and document possible issues.
After each phase of the study, all data from the pumps were downloaded to the CareLinkÔ therapy management software. The evaluation of results was done based on continuous recording of glucose profiles from the CGM component of the MiniMed 640G system. The primary outcome was the mean AUC/day in hypoglycemic area <70 mg/dL (3.9 mmol/ L) in both phases in the population treated as per the protocol.
Additional analyses included the time spent in hypoglycemia/day, rate of hypoglycemia with values £70 and £40 mg/ dL, and data concerning algorithm effectiveness (e.g., time in range (70-180 mg/dL), time in low range (<70 mg/dL), time in high range (>180 mg/dL), number of activations, mean duration of suspension until resumption of insulin delivery, lowest glucose value, and glucose values after resume). Statistical data were assessed with a two-sided t-test.
SmartGuard
The MiniMed 640G SAP system may suspend insulin delivery for at least 30 min and up to 120 min. Several conditions must be present for SmartGuard activation. If the predicted glucose level drops below 20 mg/dL (1.1 mmol/L) above the preset low limit within the next 30 min, insulin infusion is stopped. Automatic resumption occurs only if the glucose value rises at least 20 mg/dL (1.1 mmol/L) above the preset low limit and the prediction is at least 40 mg/dL (2.2 mmol/L) above the low threshold within 30 min. Insulin delivery is resumed automatically if the predicted value, 30 min (minimum suspension time), in the future is more than 20 mg/dL above the ''threshold low'' and more than 30 min since the start of the suspension, or if the maximum 120 min suspension is exceeded. Patients can also resume insulin delivery manually at any time.
Results
This study included 24 patients being treated at three pediatric diabetes centers that are experienced in the use of CSII, CGM, and SAP. A comparison of the phases with and without SmartGuard was possible for 18 of the 24 patients, since 5 patients accidentally activated the LGS function with a fixed threshold of 70 mg/dL during Phase 1. Although data for all patients were used to describe SmartGuard function during Phase 2, these 6 patients were excluded from investigations on the effect of SmartGuard during Phase 1 and Phase 2, thus resulting in a protocol population of 18 patients. Data from the other six patients were analyzed separately to compare the LGS (MiniMed VEOÔ) and the SmartGuard algorithm. The baseline demographic data for study participants are shown in Table 1 . Two out of the 24 patients were younger than 6 years, 4 were between 6 and 9 years, and the other 18 were between 10 and 18 years of age.
The primary outcome parameter, AUC in the hypoglycemic area <70 mg/dL, was lowered from 0.76 -0.73 mg/dL · day in SAP use without SmartGuard to 0.38 -0.24 mg/dL · day if SmartGuard was activated (P = 0.027). Correspondingly, with SmartGuard use, the time spent in low values <70 mg/dL was reduced significantly from 73 -56 to 31 -22 min (P = 0.003), and consequently, the hypoglycemia intensity expressed as the mathematic product of AUC and time also decreased (Fig. 1) . Moreover, the rate of hypoglycemic events was lowered during SmartGuard use, wherein the number of incidences <70 mg/dL was reduced from 1.02 -0.52 to 0.72 -0.36 (P = 0.027), and those below 40 mg/dL fell from 0.20 -0.22 to 0.10 -0.10 (P = 0.038). No severe hypoglycemia requiring external assistance was observed. The significant reduction in hypoglycemia was accompanied by a nonsignificant increase in mean sensor glucose concentration in Phase 2 from 171 -26 to 180 -19 mg/ dL (with SmartGuard) (P = 0.111) ( Table 2 ) and a slight increase in HbA1c from 7.5% -0.5% (58.2 -7.6 mmol/mol Hb) to 7.6 -0.7% (59.0 -7.1 mmol/mol Hb) (P = 0.329). An analysis of glycemic changes was performed by examining CGM profiles with respect to ''Time in Range.'' A comparison of time spent in high (>180 mg/dL) and low (<70 mg/dL) glucose area (time out of range) (Fig. 2) shows that in Phase 2 with SmartGuard, the time in the low range was reduced for each patient, whereas the time above the range was incrementally increased. Time in Range (70-180 mg/dL) was almost the same during Phase 2 (SAP 793 -177 min; 55.1% vs. SmartGuard SmartGuard 41 -20 min; 2,8%; P = 0.098), and the Time in the High Range was increased (SAP 554 -213 min; 38.5% vs. SmartGuard 612 -175 min; 42,3%; P = 0.187).
In Phase 2, the cumulative time in hypoglycemia was 155 -47 min per day with a mean duration of suspension of 59 -7 min/day. On average, the minimum glucose value during suspension was 85 -14 mg/dL. In 23.2% of all cases, glucose values dropped below 70 mg/dL after SmartGuard activation (''low threshold'' in this study). Consequently, hypoglycemic values were prevented in 76.8% of instances of low glucose, and only 6.5% of all cases had values that fell below 55 mg/dL.
Insulin delivery suspension and resumption occurred at comparable glucose levels between 90 and 110 mg/dL (5.0 and 6.1 mmol/L). The minimum glucose values after suspension were usually between 70 and 90 mg/dL (3.9-5.0 mmol/L). One hour after an automatic resumption (without consecutive 
FIG. 2.
Corresponding mean values for time in range for individual patients relating percent of time within low glucose (x-axis) and high (y-axis) glucose levels, respectively.
carbohydrate intake), the average glucose level was 30-40 mg/dL higher, but no rebound hyperglycemia occurred. An analysis of suspensions by the SmartGuard algorithm in all 24 patients in Phase 2 showed on average 3.1 -1.0 activations per day. The distribution of the suspension time intervals with respect to the time between automatic suspension and manual resumption showed that for 45.9% of all suspensions, delivery was resumed manually (usually within 30 min) after SmartGuard initiated the suspension (Fig. 3) . Although the mean glucose values at suspension (105 -8 mg/ dL) and resumption (103 -11 mg/dL) of insulin delivery were almost equal, values 1 h after resumption showed higher average glucose values of 162.0 -15.1 mg/dL. Analysis of potential factors that could influence this increase revealed that the increase depended largely on the patient's management. For example, when patients consumed carbohydrates in addition to insulin suspension to relieve hypoglycemia and if insulin suspension was resumed manually before the automatic start of insulin delivery would have occurred, glucose levels were elevated.
This trend can also be seen in a separate analysis comparing SmartGuard events during the day (08:00 until 22:00) and night (22:00 until 08:00), and whether or not additional carbohydrates (CHO) were consumed (Table 3 and schematically Fig. 4) . Although similar glucose concentrations at suspension and resumption were seen, the minimum glucose levels and suspension duration showed substantial differences 1 h after resumption when patients ate carbohydrates (190.8 -26.5 mg/dL vs. 138.7 -10.3 mg/dL; P < 0.001 without CHO intake). This outcome was further supported by a comparison of glucose values during the day (174.4 -17.7 mg/dL) versus night (137.3 -13.8 mg/dL; P < 0.001), as patients normally consume fewer carbohydrates at night and are less likely to interfere with the predictive low glucose algorithm during sleep.
For the five patients who were not treated according to the protocol and had the fixed threshold suspension (LGS) feature activated during Phase 1, an exploratory analysis showed that SmartGuard was also superior to LGS. This benefit was apparent both for the actual time in hypoglycemia (£70 mg/dL) as well as the hypoglycemia intensity (AUC · time £70 mg/dL) ( Table 4 ). However, this benefit was realized at the expense of a small, but not significant rise of mean glucose levels of *10 mg/dL (Table 2 ).
FIG. 3.
Percentage of insulin suspension events related to length in suspension and mode of resumption (automatic or manually). The distribution of automated and manually terminated suspension events during the course of 24 h across the 6-week study for a representative patient showed that if the algorithm was allowed to work without patient interference, low glucose levels can be avoided and typical patterns were maintained (Fig. 6) .
Discussion
This pediatric study shows that the predictive low glucose algorithm used by SmartGuard technology is superior to sensor-augmented pump therapy without suspension as used in LGS for the prevention of hypoglycemia in a population known to be prone to low glucose levels. The SmartGuard algorithm, which was optimized by in silico calculation and clinical experiments, 16, 17 is the first commercially available option that can automate a part of daily diabetes management by reducing or preventing hypoglycemia without human intervention. Such an automated approach relieves patients of daily decision-making and may prevent problems that arise due to errors in therapy. SmartGuard technology was previously shown to be effective in a 4-week user evaluation of 41 adult patients 18 and in nighttime home use by youth and adults. 19, 20 However, this study revealed that patient intervention, particularly during the day, which involved premature manual termination of the suspension and a combination of suspension with intake of supplemental oral carbohydrates may result in higher glucose levels 1 h after the SmartGuard suspension. Thus, the best advice to patients and parents is, as a rule, ''let SmartGuard do the work.'' With a setting of ''suspension before low'' at 70 mg/dL, the AUC in the hypoglycemic range was reduced with use of SmartGuard compared to SAP without automation. As mentioned above, this outcome can be attributed not only to the avoidance of hypoglycemia but also could be related to the patient's education on avoidance strategies associated LGS, low glucose suspend; SAP, sensor-augmented insulin pump.
with hyperglycemia following automated predictive suspension. No improvement was seen with SmartGuard in terms of average glucose levels. Moreover, the small, although not significant, elevation of mean glucose concentration of 10 mg/dL (Table 2 ) may result from heightened patient awareness of hypoglycemia because of sensor use and managing their therapy accordingly. The suspension time during the day with SmartGuard was on average much shorter, particularly because of frequent manual resumptions (Fig. 5) . This result supports the notion that the duration of suspension per se is not related to postsuspension hyperglycemia and is not caused by algorithmdriven insulin management, but instead by patient-related interventions.
Accordingly, education sessions must demonstrate and emphasize that the SmartGuard algorithm is designed to avoid hypoglycemia by initiating insulin suspension predictively and this intervention will happen as a rule when glucose is still in the normoglycemic range, but is trending downwards. Compared to insulin suspension at a threshold level (e.g., LGS of MiniMed VEO, mostly used at or below 70 mg/dL), the predictive suspension with SmartGuard leads to more insulin suspension events. In our previous study of LGS using the same study design, we observed an average of 2.6 insulin suspensions per day 12 compared to a mean of 3.1 insulin suspensions per day in this study. As would be expected from the higher glycemic variability in pediatric patients, this frequency is slightly higher than the 2.1 suspensions per day observed in adults using SmartGuard. 18 These suspensions were aborted manually in 45.9% of cases. As such, more time and additional education may be needed for patients and their families to trust the SmartGuard algorithm.
The patients and family members need to understand that a predictive low glucose alarm should not prompt oral carbohydrate intake after suspension, particularly without giving a meal bolus as the patients are used to doing to manage hypoglycemia. Without SmartGuard, this behavior leads to consecutively elevated glucose levels following those events (Tables 3 and 4 ). In contrast, when there was no patient response to SmartGuard (e.g., during the night), postsuspension glucose levels were in the normal range in that 1 h after resumption; values were on average 35 mg/dL above that for the time point at which infusions restarted. (Fig. 4) As expected, postpump suspension hyperglycemia was not seen in another study of a predictive low glucose management system in an in-clinic environment. 21 Thus, patients should be educated that predictive SmartGuard activation does not take place in the hypoglycemic range and thus no ''hypomanagement'' is necessary.
The transfer of hypoglycemia management to an automated system may take time and is unfamiliar to patients and especially parents. Despite experience with pumps and CGM, the trust in an automated hypo-management system must be built gradually and could begin with higher glucose limits for suspension.
The potential limitation of the SmartGuard algorithm in preventing hypoglycemia is the amount of active insulin ''on board.'' As the maximum suspension time is 2 h, the maximum insulin dose, which can be compensated by suspension, is the sum of 2-h basal insulin that would have been delivered during the time of interruption. In this study, a consecutive hypoglycemia cannot be prevented entirely by SmartGuard if the insulin bolus delivered before insulin suspension is higher (e.g., by a dosing mistake or a carbohydrate counting error.). This situation may be considered to be a limit of this new technology as it is not a fully automated system such as that seen in a closed-loop approach.
Therefore, if the hypoglycemic range is reached with trend arrows still trending downward in suspension and patients become aware of this trend, relief of hypoglycemia yielded by oral carbohydrate intake followed by resumption of insulin infusion will be necessary to counteract ensuing hypoglycemia.
One of the limitations of this study was the short study time such that sustained effects on metabolic control and HbA1c could not be examined. As this study included only a small group of patients, a pivotal trial of secure prevention of severe hypoglycemia (although no such events were observed in this study) would require a larger patient population and longer study duration. 22 In addition, studies to examine the function of SmartGuard during intense exercise or sports activities are needed.
The protocol violation of six patients is a weakness of this study and it decreased the number of patients who completed the study as intended. On the other hand, this error provided the opportunity to evaluate the efficacy of SmartGuard compared to the LGS mode in the Paradigm VEO device. Indeed, the new algorithm of predictive suspension was superior in preventing hypoglycemia (Fig. 7) .
In conclusion, results from this study are consistent with those from adult studies 18 and showed that the SmartGuard algorithm built into the MiniMed 640G system can also prevent severe hypoglycemia in children and adolescents. Decreases in both duration of hypoglycemic events and the intensity of hypoglycemia were observed. Furthermore, significantly fewer hypoglycemic events occurred. This result may represent an important step toward the development of a hybrid closed-loop system for insulin delivery. 23 However, for effective use, patient and families must be counseled to trust the system.
As the algorithm suspends insulin delivery well before the threat of hypoglycemia (30 min before reaching a value 20 mg/dL above the lower limit), a severe hypoglycemia episode is truly unlikely. With such intensive training and education in using the system, patient management leading to consecutive postsuspension elevations in glucose levels by combining manual resumption of insulin with oral CHO intake should be discouraged unless bolus dosing errors occur immediately before a SmartGuard alert. For these instances, the patients should be encouraged to let the pump do the work.
Concerning severe exercise, more studies are needed to evaluate the impact of SmartGuard to possible hypoglycemia, for example, by sports.
FIG. 6.
Example of an individual glucose/insulin profile of SmartGuard-events unrecognized by the patient: successful suspension without hypoglycemia at 3 am, 12 pm, 5 pm, and 10 pm, (adolescent female patient, 15 years old, 14 years T1D, HbA1c 7.7%, mean glucose concentration of this day: 143 mg/dL). ''Suspend before low '' threshold was set at 70 mg/dL. 180 BIESTER ET AL.
Recommendations for patients
Patients should not become nervous about suspensions in normoglycemia as the device uses a predictive algorithm.
A glucose threshold of 60 or 70 mg/dL was shown to be safe for prevention of severe hypoglycemia. In case of suspension, patients should monitor the trend and delay hypoglycemia treatment to ''let the pump do the work,'' unless there are severe trends (e.g., two or three arrows down and insulin on board acting). If hypoglycemia is treated with carbohydrates, insulin should be resumed immediately to avoid ''posthypo peaks.''
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